1. Background {#sec1}
=============

The classical Niemann-Pick type C disease (NPC) is a fatal autosomal recessive disorder that affects approximately 1 in 90,000 live births in western countries while the late-onset form of the disease has an incidence rate of up to 1 in 20,000 ([@bib56]). Mutations in the NPC1 gene account for approximately 95% while mutations in the NPC2 gene are responsible for the remaining 5% of NPC cases (for review see ([@bib58])). NPC1 mutations cause a loss of protein function ([@bib8]) resulting in a disturbed transport of several lipids like cholesterol, sphingomyelin, glucosylceramide and sphingosine making the NPC1 protein a multi-substrate transporter ([@bib28]). NPC1 localizes to the late endosome and the periphery of lysosomes ([@bib63]) causing increased cholesterol levels in visceral organs but decreased levels in the brains white matter ([@bib51], [@bib52]). Thus, spleen and liver, as well as the brain are almost universally affected, leading to a variable heterogeneous symptomatology and progression ([@bib34]). The clinical presentation is extremely heterogeneous, with an age of onset ranging from the perinatal period until adult age ([@bib53]). Similarly, the lifespan of patients varies between a few days to over 60 years, although a majority of cases die between 10 and 25 years of age ([@bib16]).

A visceral and neuronal phenotype mimicking human NPC1 disease has been described in NPC1 mutant mice on a Balb/C background (BALB/cNctr-Npc1\<m1N\>/J), presenting the first mouse model of NPC1 that has been used for most NPC1 studies since then ([@bib29]; [@bib62]). Animals have an almost total absence of the NPC1 protein and display pathological hallmarks of the disease ([@bib29]). Due to the shortened lifespan of only 10--14 weeks, NPC1^−/−^ mice have a more severe disease progression than the vast majority of patients ([@bib49]).

During the first month of life NPC1^−/−^ mice present only minor phenotypical differences compared to wildtype animals (WTs) like reduced body weight and first signs of neuronal loss ([@bib40]; [@bib38]). At 5--6 weeks of age tremor, ataxic gait and motor deficits start. By 7--8 weeks, NPC1^−/−^ mice start losing weight and motor control problems become obvious ([@bib29]; [@bib54]; [@bib41]; [@bib27]; [@bib49]). NPC1^−/−^ mice present accumulation of unesterified cholesterol in different tissues, abnormalities in lysosomal enzyme levels, increased activity of hepatic enzymes and decreased levels of triacylglycerides ([@bib42]; [@bib1]; [@bib5], [@bib4]; [@bib25]). At present there is no cure for Niemann-Pick disease, and the only available treatment, Miglustat, can alleviate symptoms but does not cure the disease (([@bib59]; [@bib7]; [@bib48]; [@bib6]), for review see ([@bib32])).

In this study, we performed an in-depth biochemical and behavioral characterization over age of NPC1^−/−^ mice to confirm the stability of the phenotype, provide a characterization of disease progression and pinpoint the age of robust phenotype presence in this mouse model which will support future therapeutic strategies.

2. Results {#sec2}
==========

2.1. General health and motor deficits of NPC1^−/−^ mice over age {#sec2.1}
-----------------------------------------------------------------

To evaluate the health status of NPC1^−/−^ mice and wildtype (WT) littermates, animals\' body weight and body temperature were measured weekly for 6 weeks. Both NPC1^−/−^ and WT mice showed a similar body weight gain during the first 4 weeks of measurement: the weight gain at 6 weeks of age was maintained more or less constant until mice were 8 weeks old. From 8 weeks onwards, NPC1^−/−^ mice were significantly lighter compared to WT littermates ([Fig. 1](#fig1){ref-type="fig"}A). The body temperature stayed constant in both groups until the animals were 9 weeks old. From that time onwards, NPC1^−/−^ mice showed a significantly lower body temperature compared to WT littermates ([Fig. 1](#fig1){ref-type="fig"}B).Fig. 1General health and motor deficits in NPC1^−/−^ mice over age. Body weight in gram (A), body temperature in degree celsius (B), nest building score (C; 5 = perfect nest) and latency to fall off the rotating Rota Rod in seconds (D) of 4--10 week old NPC1^−/−^ mice compared to wildtype (WT) littermates. Two-way ANOVA followed by Bonferroni\'s *posthoc* test; Mean ± SEM; Number of slips on a 28 mm round (E) and 10 mm square beam (F) of 7 week old NPC1^−/−^ mice compared to WT littermates. Unpaired t-test; Mean + SEM; A--F: n = 12 per group; \*\*p \< 0.01; \*\*\*p \< 0.001.Fig. 1

To evaluate the general activity of NPC1^−/−^ mice, the nesting behavior was measured over age. In WT littermates, an increase in the nesting score during the first two weeks could be observed. Afterwards, the score stayed constant until the age of 10 weeks. On the other hand, NPC1^−/−^ mice showed a similar nesting score at 5 and 6 weeks of age compared to WT littermates. Nonetheless, a significantly disturbed nesting behavior was observed from the eighth week onward, reaching the worst score at the age of 9 weeks ([Fig. 1](#fig1){ref-type="fig"}C).

To assess motor coordination, the Rota Rod and Beam Walk test were performed. NPC1^-/^ mice showed a progressive decrease in the latency to fall off of the rod. When compared to WT littermates, significant differences were observed at 8--10 weeks of age ([Fig. 1](#fig1){ref-type="fig"}D).

The Beam Walk test was performed only with 7 week old animals since older animals are hardly able to stay on the beam. At this age, a significant difference in motor coordination between NPC1^−/−^ mice and WT littermates could be observed at each of the five beams used ([Fig. 1](#fig1){ref-type="fig"}E,F and data not shown). NPC1^−/−^ mice presented a significantly increased number of slips compared to WT littermates. The highest amount of slips was observed on the square beam with 10 mm diameter, but even on the 28 mm round beam animals performed significantly worse than WT littermates ([Fig. 1](#fig1){ref-type="fig"}E and F).

2.2. Alterations in liver physiology of young NPC1^−/−^ mice {#sec2.2}
------------------------------------------------------------

At 6 weeks of age, the liver was weighed and the total levels of cholesterol and hepatic enzymes were measured in the liver and plasma, respectively. NPC1^−/−^ mice showed a 1.2 fold increase in liver weight compared to WT littermates ([Fig. 2](#fig2){ref-type="fig"}A). Furthermore, total cholesterol levels were significantly higher in the liver of NPC1^−/−^ mice compared to WT littermates ([Fig. 2](#fig2){ref-type="fig"}B).Fig. 2Alterations in liver physiology of 6 week old NPC1^−/−^ mice. Liver weight in milligram (A), total cholesterol levels in mg/g liver (B), alkaline phosphatase levels (AP; C), aspartate aminotransferase levels (AST; D) and alanine aminotransferase levels (ALT; E) in units per liter plasma of 6 week old NPC1^−/−^ and WT littermates. Unpaired t-test; Mean + SEM; n = 6--8 per group; \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.Fig. 2

The levels of the three liver enzymes alkaline phosphatase (AP), aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were significantly increased in NPC1^−/−^ mice compared to WT littermates ([Fig. 2](#fig2){ref-type="fig"}C,D,E). The biggest difference was observed in ALT, showing an 8-fold increase in NPC1^−/−^ mice compared to WT littermates ([Fig. 2](#fig2){ref-type="fig"}E).

2.3. Brain alterations of 6 week old NPC1^−/−^ mice {#sec2.3}
---------------------------------------------------

In order to study possible brain alterations in NPC1^−/−^ mice, the brain was weighed and the levels of total cholesterol and Aβ were measured in 6 week old mice compared to age-matched WT littermates. The weight of the cerebellum and cortex was significantly lower in NPC1^−/−^ mice compared to WT littermates ([Fig. 3](#fig3){ref-type="fig"}A). The level of total cholesterol was assessed in different brain regions of NPC1^−/−^ mice resulting in a significant decrease only in the hippocampus compared to WT littermates ([Fig. 3](#fig3){ref-type="fig"}B). Furthermore, Aβ levels were significantly increased in the hippocampus of NPC1^−/−^ mice but not in the cerebellum or cortex ([Fig. 3](#fig3){ref-type="fig"}C).Fig. 3Brain alterations of 6 week old NPC1^−/−^ mice. Brain weight in milligram (A), total cholesterol levels in mg/g brain (B) and Aβ40 levels in pg/mg protein (C) in the cerebellum, hippocampus and cortex of 6 week old NPC1^−/−^ and WT littermates. Two-way ANOVA followed by Bonferroni's *posthoc* test; n = 6 per group; Mean + SEM. \*p \< 0.05; \*\*\*p \< 0.001.Fig. 3

2.4. Progressive neuroinflammation in NPC1^−/−^ mice {#sec2.4}
----------------------------------------------------

Cytokine profiles were assessed in the cerebellum and hippocampus of 6 week old NPC1^−/−^ and WT animals. IL-12p70 was significantly decreased in the cerebellum but increased in the hippocampus of NPC1^−/−^ mice compared to WT littermates. Nevertheless, when data were analyzed by t-test, also IL-10 was significantly reduced while IL-1β and KC were significantly increased in the cerebellum of NPC1^−/−^ mice compared to WT littermates ([Fig. 4](#fig4){ref-type="fig"}A, t-test significances not labeled). In the hippocampus, IFN-γ, KC and TNF-α were significantly increased in NPC1^−/−^ mice compared to WT littermates when analyzed by t-test ([Fig. 4](#fig4){ref-type="fig"}B, t-test significances not labeled).Fig. 4Progressive neuroinflammation in NPC1^−/−^ mice. Cerebellar (A) and hippocampal (B) cytokine profile of 6 week old NPC1^−/−^ mice. Overall immunofluorescence signal of GFAP labelled astrocytes in the cerebellum (C) and hippocampus (D) of 4, 7 and 10 week old NPC1^−/−^ mice and 10 week old WT littermates. Quantification of CD45 labelled microglia and leukocytes in the cerebellum (E) and hippocampus (F) of 4, 7 and 10 week old NPC1^−/−^ mice and 10 week old control animals. A,B: n = 6, Two-way ANOVA followed by Bonferroni's *posthoc* test. Mean + SEM. C--F: n = 3, One-way ANOVA followed by Bonferroni's *posthoc* test. Mean ± SEM. \*compared to WT; ^\#^changes over age; A--F: \*p \< 0.05; \*\*p \< 0.01. G: Representative images showing co-labeling of the cerebellum with GFAP + MAP2 + CD45, labelled astrocytes + principal neurons + microglia/leukocytes, respectively of 7 week old NPC1^−/−^ and WT littermates. Scale bar: 1,000 μm.Fig. 4

Quantitative immunofluorescence was used to evaluate neuroinflammation during disease progression. 4, 7 and 10 week old NPC1^−/−^ and 10 week old WT animals were analyzed for GFAP and CD45 expression to visualize astrocytosis and activated microglia, respectively. In the cerebellum, 10 week old NPC1^−/−^ mice showed higher, but not significant total GFAP signal than WT littermates of the same age. In NPC1^−/−^ mice, the GFAP levels remained stable over time ([Fig. 4](#fig4){ref-type="fig"}C). Hippocampal GFAP levels did also not significantly change over age ([Fig. 4](#fig4){ref-type="fig"}D). CD45 labeling showed a significant increase of total signal over age in the hippocampus but not in the cerebellum of NPC1^−/−^ animals (p = 0.0568; [Fig. 4](#fig4){ref-type="fig"}E,F).

Quantitative analysis of MAP2 total signal showed a slight decrease over age in NPC1^−/−^ mice compared to WT littermates but data were not statistically significant (data not shown).

Representative images of the cerebellum show neuroinflammation observed as astrocyte reactivity by GFAP labeling and microglial activation by CD45 labeling ([Fig. 4](#fig4){ref-type="fig"}G).

2.5. Progressive cerebellar alterations of NPC1^−/−^ mice {#sec2.5}
---------------------------------------------------------

To evaluate the disease progression in adolescent NPC1^−/−^ mice, 6 and 10 week old NPC1^−/−^ and WT animals were analyzed. NPC1^−/−^ mice showed a robust decreased cerebellar weight compared to WT mice at 10 weeks of age ([Fig. 5](#fig5){ref-type="fig"}A). The observed statistical significance in the cerebellum of 6 week old animals as shown in [Fig. 3](#fig3){ref-type="fig"}A could statistically not be verified in the here performed analysis as shown in [Fig. 5](#fig5){ref-type="fig"}A. Furthermore, cerebellar Aβ40 levels were increased in NPC1^−/−^ animals compared to WT littermates at 10 weeks of age ([Fig. 5](#fig5){ref-type="fig"}B). Quantitative immunofluorescence was used to measure cerebellar pathology progression during adolescence. NPC1^−/−^ mice were analyzed for Calbindin D-28k and APP expression at the age of 4, 7 and 10 weeks and compared to 10 week old WT littermates. Overall immunofluorescence signal of cerebellar Calbindin D-28k decreased over age resulting in significantly reduced Calbindin D-28k signal compared to WT littermates at the age of 10 weeks ([Fig. 5](#fig5){ref-type="fig"}C).Fig. 5Progressive cerebellar alterations of NPC1^−/−^ mice. Cerebellar weight in milligram (A) and Aβ40 levels in pg/mg protein (B) in 6 and 10 week old NPC1^−/−^ mice compared to age matched control animals. Overall immunofluorescence signal of cerebellar Calbindin D-28k (C) and APP (D) in 4, 7 and 10 week old NPC1^−/−^ mice and 10 week old WT littermates. A,B: n = 6, Two-way ANOVA followed by Bonferroni's *posthoc* test. Mean + SEM. C,D: n = 3, One-way ANOVA followed by Bonferroni's *posthoc* test. Mean ± SEM. \*compared to WT; ^\#^changes over age; A--D: \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001. E: Representative images showing co-labeling of the cerebellum with Y188 + DAPI + Calbindin D-28k antibody labeling APP + nuclei + Purkinje cells, respectively of 7 week old NPC1^−/−^ mice and WT littermates. Scale bar: 1,000 μm.Fig. 5

Cerebellar total APP signal was slightly but not significantly increased in NPC1^−/−^ mice at the age of 10 weeks compared to 4 week old NPC1^−/−^ mice suggesting a progressive increase of total APP in NPC1^−/−^ mice (p = 0.2214). Total APP in 10 week old NPC1^−/−^ mice was slightly decreased compared to 10 week old WT littermates (p \> 0.99; [Fig. 5](#fig5){ref-type="fig"}D).

Representative images of the cerebellum show APP, Calbindin D-28k and DAPI labeling to visualize APP, Purkinje cell loss and nuclei for counterstaining ([Fig. 5](#fig5){ref-type="fig"}E).

In summary, our results demonstrate that NPC1^−/−^ mice show diminished body weight and temperature in week 9 and 10, respectively. Furthermore, animals present robust motor deficits at 8 weeks of age. Already at the age of 6--7 weeks NPC1^−/−^ mice also show an increased liver size and higher cholesterol and hepatic enzyme levels. The brain of NPC1^−/−^ mice on the other hand presents a decreased weight compared to WT littermates and total cholesterol levels are diminished in the hippocampus. On the contrary, Aβ1-40, IL-12p70 and activated microglia levels are increased in that same brain region. The cerebellum is simultaneously characterized by highly increased astrocytosis, increased Aβ1-40 and decreasing Calbindin D-28k levels.

3. Discussion {#sec3}
=============

In this study, we performed a behavioral and biochemical characterization of NPC1^−/−^ mice to provide an overview of the hepatic and neuronal phenotype of NPC1^−/−^ mice on a Balb/C background over age. The aim was to gain a better understanding of disease pathology and progression in this model in order to improve future therapeutic strategies.

Firstly, we focused on the general health and behavioral changes. Body weights were decreased at the age of 9 weeks compared to WT littermates. These results and the observed body weight curve over age is comparable with already published results and thus indicates a very robust and stable phenotype of NPC1^−/−^ mice ([@bib38]). Nest construction is widespread throughout the animal kingdom. For small rodents, nests are important for reproduction and shelter as well as for heat conservation, since rodents are very vulnerable to heat loss due to their small size. Nesting behavior has been shown to be sensitive to brain lesions, pharmacological agents and genetic mutations ([@bib12]). NPC1^−/−^ mice showed a significantly decreased nesting behavior when compared to WT littermates at 8 weeks of age. These results show that NPC1^−/−^ mice do have an impaired general health. Differences in nest building can be observed even before the onset of body weight loss and body temperature decrease and is thus a first indicator of disturbed wellbeing. Retaining the nest building activity requires sufficient motor skills for shredding the nest material. A decreased nest building activity can therefore depend on uncoordinated higher motor functions, or the motivation to organize the bedding into a nest structure for protection and warmth ([@bib12]; [@bib30]). Motor skills of NPC1^−/−^ mice were hence analyzed next since NPC patients often present progressive functional limitations that may include difficulties with gait, balance and coordination ([@bib46]). In the Rota Rod test, NPC1^−/−^ mice showed a progressive decrease in the latency to fall off the rod, which indicates a progressive increase of motor deficits. A robust phenotype in the Rota Rod test could be observed at the age of 8 weeks validating our previous analyses ([@bib45]). Analysis of NPC1^−/−^ mice by other groups showed first motor deficits in the Rota Rod test already at the age of 7 weeks ([@bib14]; [@bib19]). These differences might be caused by technical differences between the Rota Rod setups like speed or acceleration. In addition, the Beam Walk test showed an impaired motor behavior in NPC1^−/−^ mice. Differences in this motor test could be observed earlier compared to the Rota Rod test, reflecting the higher sensitivity of the Beam Walk test. These results therefore validate that NPC1^−/−^ mice show robust motor dysfunctions that can be evaluated by several commonly used motor tests.

Since the most common clinical visceral symptom of NPC is hepatosplenomegaly in combination with an altered metabolism of cholesterol and glycolipids in the liver ([@bib13]; [@bib15]), these parameters were analyzed in NPC1^−/−^ mice. In the here presented data, the liver of NPC1^−/−^ mice weighed significantly more and presented significantly increased cholesterol levels compared to WT littermates by the age of 6 weeks. Earlier analyses by others revealed an increase in liver weight as early as 4 weeks of age that starts to decrease with decreasing body weight at 8 weeks of age while cholesterol levels progressively increase over age ([@bib36]; [@bib60]). Because NPC1^−/−^ mice do not present the NPC1/2 transfer complex, the cells are unable to export the cholesterol from the late endosomes ([@bib26]), resulting in this observed phenotype. Plasma aspartate (AST), alanine aminotransferase (ALT) and alkaline phosphatase (AP) tests have become standards and are routinely used for diagnosis of liver diseases since all three enzymes are increased in most forms of liver injury ([@bib57]). Consequently, the levels of the hepatic enzymes, AST, ALT and AP in the plasma of NPC1^−/−^ mice are strongly increased at an age of 6 weeks validating results by Garver and colleagues ([@bib15]), who state that the presence of liver damage is characterized by a significant increase in the concentration of ALT and AST in the plasma of NPC1^−/−^ mice already at 5 weeks of age. These results could be confirmed by others ([@bib5], [@bib4]). Since we observed a very strong increase in liver enzyme levels at the age of 6 weeks, the time differences between our results and Garver and colleagues, suggest a progressive increase of this pathological feature in NPC1^−/−^ mice ([@bib15]). Thus, we show that liver damage in NPC1^−/−^ mice is a strong phenotype that can be evaluated by different markers. The observed hepatic pathology of NPC1^−/−^ mice seems to be comparable with the pathology observed in NPC patients ([@bib55]), suggesting a strong translational value of these alterations.

Since the disease is not only characterized by a visceral but also neuronal phenotype, the brain of NPC1^−/−^ mice was analyzed next. Contrary to observations in the liver, the brain of 6 week old NPC1^−/−^ mice weighed less compared to WT littermates. This is in accordance with results by Luan and coworkers, who already showed a diminished brain weight in 8 week old NPC1^−/−^ mice ([@bib31]). Xie and colleagues could even find first hints of a reduced brain weight in NPC1^−/−^ mice at the age of 3 weeks ([@bib60]). Reduced cerebellar weight was already shown to be related to a defective cerebellar granule cell proliferation ([@bib39]) but might also be related to the observed Purkinje cell loss in NPC1^−/−^ mice. Purkinje cells are some of the largest neurons in the human brain exhibiting a dense dendritic synaptic network connecting with other cerebellar neurons ([@bib50]). Thus, it should be analyzed in more detail if the loss of Purkinje cells observed in NPC1^−/−^ mice may lead to the loss of several of the connecting neurons, which would in turn lead to a strong decrease of the Purkinje cell layer and brain weight. Purkinje cell degeneration is indeed the most apparent cerebellar pathology in NPC1 animal models ([@bib17]; [@bib47]). Moreover, cell specific deletion of the Npc1 gene in mature cerebellar Purkinje cells was shown to lead to an age-dependent Purkinje cell loss and impairments in motor skills ([@bib14]). Consequently, we assessed the levels of Calbindin D-28k, a marker of Purkinje cells and found a progressive decrease over age. This decline is significant at 7 weeks of age, the same age at which motor deficits are first observed. This is in agreement with published results by others that already showed a severe loss of Purkinje cells in NPC1^−/−^ mice ([@bib47]; [@bib24]).

Some studies have shown that NPC disease exhibits some intriguing parallels with Alzheimer\'s disease (AD), the most common form of dementia. Among these characteristics are Aβ metabolism dysfunctions and paired helical filament tau aggregates ([@bib2]; [@bib33]). Our results show significantly higher hippocampal Aβ40 levels in 10 week old NPC1^−/−^ mice, comparable to AD patients ([@bib21]). Moreover, these results are in accordance with a study demonstrating a substantial accumulation of Aβ in neurons with NPC defect ([@bib22]).

Since amyloid-β results from processing of APP also the levels of total Amyloid Precursor Protein (APP) in the brain were measured. Multiple studies showed evidence of an increase of APP products such as Aβ40, Aβ42 and the C-terminal end in the hippocampus of NPC1^−/−^ mice ([@bib22]; [@bib24]; [@bib61]). Analyzing total cerebellar APP levels showed a progressive increase of APP over age in NPC1^−/−^ mice. This increase could be related to the increase of Aβ40 observed in our study and the fact that redistribution of cholesterol in the NPC1 deficient mouse brain is associated with increased processing of APP ([@bib24]).

Additionally, inflammation was analyzed in the brain showing reduced cerebellar IL-12p70 levels in 6 week old NPC1^−/−^ mice, confirming the observation in NPC patients showing significantly decreased IL-12p70 levels in the CSF fluid ([@bib11]). Furthermore, we show significantly higher hippocampal IL-12p70 levels in 6 week old NPC1^−/−^ mice that are hence contradicting results in NPC patients. Our analyses of further cytokines did not result in any significant changes in NPC1^−/−^ mice although Cologna and colleagues already showed increased cytokine levels by qPCR analyses as early as 3 weeks of age. Differences in IL1β levels between these studies might be caused by different analyses methods since Cologna used qPCR measurement of mRNA while we analyzed actual protein levels. Additional markers analyzed by Cologna and coworkers include Ccl3/Mip1a, Ccl8, C3, Cxcl9 and Cxcl10 and therefore differ from cytokines analyzed in the here presented study ([@bib11]).

Furthermore, inflammation is a feature that is shared by most neurodegenerative diseases (reviewed by ([@bib9])). Interleukin 12 (IL-12) is an inflammatory cytokine that promotes the response of the immune system ([@bib37]; [@bib18]). In AD, where Aβ levels are increased, an increase of IL-12 can be observed ([@bib20]). Here we show significantly higher hippocampal IL-12p70 levels in NPC1^−/−^ mice at 6 weeks of age. Since the accumulation of Aβ40 is not significant until 10 weeks, it seems plausible that inflammation precedes and worsens the pathology of Aβ40 in NPC disease.

As already mentioned, NPC shares some characteristics with AD, including gliosis. Therefore, we studied GFAP, a glial protein expressed in mature astrocytes, in the NPC1^−/−^ mouse brain. GFAP is considered a marker for astrocytosis, and known to be induced upon brain damage or during CNS degeneration (for review see ([@bib35])). In 4 week old NPC1^−/−^ mice the number of reactive astrocytes was already as high as in 10 week old NPC1^−/−^ mice thus presenting a similar onset of astrocytosis as already shown by Baudry and co-workers, who showed first signs of astrocytosis as early as 2 weeks of age with a strong increase in the following two weeks of age ([@bib3]). Increased reactive astrocytes have also been demonstrated in human *post-mortem* brain of NPC patients ([@bib10]; [@bib11]), making this pathology relevant for translational NPC1 research. In order to determine whether NPC1^−/−^ mice show microgliosis, CD45 was examined, an enzyme expressed in microglial cells during CNS inflammation ([@bib43]). Our results show a progressive increase of CD45 signal in NPC1^−/−^ mice. Summarizing, these results suggest that NPC1 knock out causes neuroinflammation with a robust phenotype presence already at 4 weeks of age. A summary of results giving the age of robust phenotype presence is listed in Tables [1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"}.Table 1Summary of robust behavioral and hepatic phenotype presence in NPC1^−/−^ mice.Table 1Age in weeksEffectHealth and BehaviorBody Weight9↓Body Temperature10↓Nest Building8↓Rota Rod8↓Beam Walk7↓LiverLiver weight6↑Total cholesterol6↑Alkaline Phosphatase6↑Aspartate Aminotransferase6↑Alanine Aminotransferase6↑[^2]Table 2Summary of robust neuronal phenotype presence in NPC1^−/−^ mice.Table 2CerebellumHippocampusCortexAge in weeksEffectAge in weeksEffectAge in weeksEffectWeight10↓6−6↓Total cholesterol6−6↓6−Abeta 40 levels10↑6↑6−APP10−N/AN/AN/AN/AIL-12p706↓6↑N/AN/AAstrocytosis4↑ (n.s.)10−N/AN/AActivated Microglia10−10↑N/AN/ACalbindin D-28k10↓N/AN/AN/AN/AMAP210−10−N/AN/A[^3]

4. Conclusions {#sec4}
==============

In summary, this study confirms an early start of the phenotype in NPC1^−/−^ mice. Robust early pathological changes observed in the mouse model are neuroinflammation in the cerebellum as well as loss of brain weight and increase of Aβ in the hippocampus. Furthermore, we have also shown that loss of Purkinje cells occurs slightly earlier than motor deficits. Additionally, for the first time a decrease in hippocampal cholesterol levels is demonstrated that is paralleled by severely increased hepatic cholesterol levels. The hepatic and neuronal phenotype is succeeded by general health and motor deficits. Taken together, our results validate already published results, verify the stability of the mice\'s phenotype, pinpoint the age of robust phenotype presence and thus reinforce the use of these animals to study NPC disease and its possible therapies.

5. Materials and methods {#sec5}
========================

5.1. Animals {#sec5.1}
------------

All animals were bred and housed under identical conditions in individually ventilated cages on standardized rodent bedding (Rettenmayer^®^) in the AAALAC accredited animal facility of QPS Austria GmbH. Cotton nestlets (Plexx^®^) were provided as nesting material. The room temperature was kept at approximately 21 °C and the relative humidity between 40-70%. Mice were housed under constant light-cycle (12 hours light/dark). Dried pelleted standard rodent chow (Altromin^®^) and normal tap water were available to the animals *ad libitum*. Each individual animal was checked regularly for any clinical sign. Male and female animals of equal number were used. Mice were housed in same sex groups of up to four animals. During weaning, less than 1 mm of the tail tip was taken from each animal and used for genotyping. Actual animal numbers are given in the figure legends. All efforts were made to minimize suffering. Heterozygous NPC1^+/-^ mice \[BALB/cNctr-Npc1\<m1N\>/J (Jackson Laboratories \# 003092)\] were mated and resulting homozygous NPC1^−/−^ and wildtype NPC1^+/+^ mice used for experiments.

5.2. Ethics approval and consent to participate {#sec5.2}
-----------------------------------------------

Animal studies conformed to the Austrian guidelines for the care and use of laboratory animals and were approved by the Styrian government, Austria (ABT13-78Jo-109-2012-1).

5.3. Behavioral tests {#sec5.3}
---------------------

All behavioral tests were performed during the early phase of the light cycle. Before the start of each behavioral test, animals were habituated to the experimental room for at least 1 hour. Animals were tested in the Rota Rod test and Nest Building Test starting at the age of 5 weeks until 10 weeks of age when animals showed strongest deficits in the motor tests. Beam Walk test was performed at an age of 7 weeks. Animals were allocated to the corresponding experimental group according to their genotype. The body weight was measured using a standard precision scale. The body temperature was measured with a rectal thermometer. The Rota Rod test, Beam walk test and Nest building test were performed as previously described ([@bib45], [@bib44]).

5.4. Tissue sampling {#sec5.4}
--------------------

All mice were anesthetized by an overdose of the inhalation anesthesia isofluran. Once animals were deeply anesthetized, the thorax was opened and blood was drawn by heart puncture of the left ventricle and collected in lithium heparin tubes. Mice were afterwards transcardially perfused with physiological (0.9%) saline. Thereafter, liver and brain were taken, brain hemisected and all tissues weight using a precision scale. The right brain hemisphere was fixed by immersion at 4 °C in freshly prepared 4% formaldehyde in phosphate buffer (pH 7.4) for 24 hours. After cryo-conservation in a 15% sucrose/phosphate buffered saline (PBS) solution, tissues were shock frozen in dry-ice cooled liquid isopentane and stored at -80 °C until used for histological analyses. The left brain hemisphere was further dissected in hippocampus, cortex, cerebellum and remaining brain and all brain parts and the liver immediately shock frozen on dry ice and stored at -80 °C until used for biochemical analyses.

5.5. Plasma preparation {#sec5.5}
-----------------------

The blood was centrifuged at 1,000 x g for 10 min at room temperature (RT) and plasma transferred to fresh tubes, frozen on dry ice and stored at -80 °C until used for analyses.

5.6. Measurement of total cholesterol levels {#sec5.6}
--------------------------------------------

Liver and brain regions were homogenized with 20% w/v homogenization buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 1% Triton X-100, 2% SDS, and protease and phosphatase inhibitors). For the release of total cholesterol the homogenates were mixed 1:1 with extraction buffer (20 mM Tris-HCl, pH 7.4, including 15% Brij 35 and 1% methyl-β-cyclodextrin) ([@bib23]). After 60 min of incubation on a plate shaker, samples were analyzed for total cholesterol levels using the colorimetric assay Fluitest-CHOL (Analyticon, \#4241; Lichtenfels, Germany).

5.7. Measurement of liver enzymes in plasma {#sec5.7}
-------------------------------------------

Liver enzymes aspartate aminotransferase (AST), alanine aminotransferase (ALT) and alkaline phosphatase (AP) were analyzed in lithium-heparin plasma samples using the colorimetric assays Fluitest- GOT ASAT, Fluitest- GPT ALAT and Fluitest-AP (Analyticon, \#1177; \#1187; \#1186; Lichtenfels, Germany), respectively.

5.8. Measurement of Aβ40 and cytokines {#sec5.8}
--------------------------------------

Samples were analyzed for Aβ40 levels using the MSD^®^ 96-well Human (6E10) Aβ40 Ultra-Sensitive Kit (\#K151FTE-1; Mesoscale Discovery, Rockville, USA) and for cytokine levels using the MSD^®^ 96-well V-PLEX Proinflammatory Panel 1 Mouse Kit (\#K15048D; Mesoscale Discovery, Rockville, USA). Both immunosorent assays were performed according the manufacturer\'s protocol.

5.9. Histology {#sec5.9}
--------------

Frozen brain hemispheres were cut sagittally on a cryostat (Leica CM3050S). Unless indicated otherwise, a systematic uniform random set of five mounted 10 μm thick brain sections from five medio-lateral levels per animal were used for immunofluorescent labeling.

GFAP + CD45 + MAP2 and Calbindin D-28k + APP incubation of brain sections were conducted as previously described ([@bib44]). A list of primary antibodies used for histological labeling is shown in [Table 3](#tbl3){ref-type="table"}.Table 3List of primary antibodies used for histological evaluations.Table 3Primary antibodiesSpeciesAntigenCloneSourceDilutionrabbitGFAPpolyDako1:500mouseMAP2SMI-52BioLegend1:2000ratCD4530-F11abcam1:800mouseCalbindin D-28k300Swant1:2000rabbitAPPY188abcam1:500

Whole slide mosaic images of labelled sections were recorded on a fully motorized Zeiss AxioImager Z1 microscope with 10x high aperture lens, equipped with a Zeiss AxioCam MRm camera and ZEN 2.3 software. Mosaic images were merged and converted to full resolution single channel tif files that were used for quantitative image analysis ([Fig. 6](#fig6){ref-type="fig"}). The target area was identified by drawing an area of interest (AOI) on the images. Background correction was used if necessary, and imunofluorescence signals were then quantified by adequate thresholding and morphological filtering (size, shape) to determine the normalized accumulated brightness of all pixels on identified immunopositive objects \[signal intensity/mm^2^\]. Once the parameters of the targeted objects had been defined in a test run, the quantitative image analysis ran automatically by a macro so that the results are rater-independent and fully reproducible from the raw images. All measurements were performed using Image Pro Plus (v6.2) software.Fig. 6Definition of AOI and quantitative image analysis. (A) The areas of interest (AOI) outline the entire hippocampal formation and the cerebellum. (B) Example of an AOI (green line) drawn manually on an image of a GFAP-labelled section using the drawing function in Image Pro Plus 6.2; note that artifacts such as air bubbles were excluded. Identified GFAP-immunoreactive cells are indicated in red. (C) DAPI labeling on the same section as shown in B. (D) Higher magnification showing immunofluorescent labeling of GFAP in hippocampal CA3 region. (E) Same image as D with a red overlay surrounding identified astrocytes. Filter parameters were as follows: 8 bit minimum intensity threshold: 72; minimum object size: 30 μm^2^. Note that the filter parameters were defined restrictively to minimize inclusion of false positive objects. (F) DAPI labeling on the same region as shown in D and E.Fig. 6

5.10. Statistics {#sec5.10}
----------------

Data analysis was performed in GraphPad Prism™ 4.03 (GraphPad Software Inc., USA). Graphs show group means and standard error of the mean (SEM). The significance level was set at p \< 0.05. Group means were compared using unpaired t-test or Two-way analysis of variance (ANOVA) with a subsequent *post-hoc* test. The utilized statistical tests and exact sample numbers are mentioned in the figure legends.

Declarations {#sec6}
============

Author contribution statement {#sec6.1}
-----------------------------

Estibaliz Santiago-Mujica: Performed the experiments; Analyzed and interpreted the data; Wrote the paper.

Stefanie Flunkert: Conceived and designed the experiments; Analyzed and interpreted the data; Wrote the paper.

Roland Rabl, Joerg Neddens, Tina Loeffler: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data.

Birgit Hutter-Paier: Conceived and designed the experiments; Contributed reagents, materials, analysis tools or data

Funding statement {#sec6.2}
-----------------

This work was funded by R&D budget of QPS Austria GmbH.

Competing interest statement {#sec6.3}
----------------------------

The authors declare the following conflict of interests: All authors are or were employees of QPS Austria GmbH.

Additional information {#sec6.4}
----------------------

No additional information is available for this paper.

We greatly thank Irene Schilcher and the whole research team of QPS Austria GmbH for proof reading and their technical support.

[^1]: Contributed equally.

[^2]: Overview of general health and behavioral changes as well as pathologies observed in the liver of NPC1^−/−^ mice. Please be aware that 'age in weeks' is defined as the time when pathology is robust. This time is usually later than the age of pathology onset. ↑: increase; ↓: decrease.

[^3]: Overview of pathologies observed in the cerebellum, hippocampus and cortex of NPC1^−/−^ mice. Please be aware that 'age in weeks' is defined as the time when pathology is robust. This time is usually later than the age of pathology onset. -: no changes observed; ↑: increase; ↓: decrease; n.s.: not significant; N/A: not analyzed.
